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I. Polarization 


solar magnetographs opera by Si "“ 

effect of 1 5Unng 6 P °' ariZa,ion S,ate of disc the 

nnrrors and lenses on the polarization state mns, be well-characterized. 

One way to characterize mirrors’ and lenses polarization properties is to use 

c:r 0 rr:;i;;:rr^ — - — - ^ s 01ar 

—graph," which is inclll in , “““ ^ 


poia ri :::“:~:::-:' 1 be a t ~ - 


II. Polarization specification 

The polarization for this system was specified to be below 10- This specification 
can have several meanings in terms of the polarization aberration coefficients that a 


associated with the system. These 
summarized in this section. 


are 


errors are derived in Appendix II, and are only 


We have enumerated three polarization 


magnetograph: 


errors which are possible in the solar 


—I*;— 
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when no magnetic field is present. The second effect of this polarization error is that the 
orientation of linearly polarized light is measured incorrectly, causing the orientation of the 
magnetic field to be measured incorrectly. The symptom of this polarization error is a 
spurious, radially oriented linear polarization with magnitude that increases cjuadratically 
with field coordinate. Mathematically, this polarization error is 2 | Re(P 1200 ) | < 10" 5 . 

For the BVM with an articulating secondary mirror and the coatings specified in Section V, 
the value for this polarization error is 2 | Re(P l200 ) |< .9(3). 10~ 5 . Since this value 
depends only on the chief ray, this value is the same for either the 60 cm telescope or the 
30 cm. telescope. 

Polarization Error #2; The second polarization error is that polarized light couples into 
the wrong polarization state. The first effect of this polarization error is that the 
orientation of linearly polarized light is measured incorrectly, causing the orientation of the 
magnetic field to be measured incorrectly. The second effect of this polarization error is an 
error in the measured degree of linear polarization, also causing the orientation of the 
magnetic field to be measured incorrectly. The magnitude of this polarization error is 
2 I P i 20 o I < 1 0 5 . For the BVM with an articulating secondary mirror and the coatings 
specified in Section V, the value for this polarization error is 2 | Re(P 1200 ) | < ~ l .8 • 10' 5 . 
The value is approximate because the specifications in Section V are for diattenuation only. 
Since this value depends only on the chief ray, this value is the same for either the 60 cm 
telescope or the 30 cm. telescope. 

Polarization Error #3; The third polarization error is that polarized light couples into 
unpolarized light. The effect of this polarization error is that the magnitude of the 
measured field is underestimated, raising the threshold of the measurable magnetic field. 
The magnitude of this polarization error is represented by the magnitude of all the 
polarization aberration coefficients. For the BVM with an articulating secondary mirror, a 
30 cm. telescope, and the coatings specified in Section V, the value for this polarization 
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■ s “™ v 

f-number, so the va,ue fo, a 60 cm . t e, escape is 0 < , 2 

” CaiIOnwouJd the n require that 2 /?gP 1200 < jq-s. 

-- - «. .». « ,, u „„ „ 


lal2lei 

Angles of Incidence 
(with secondary tilted .3°) 
marginal ray 
0 ° 

3 . 6 ° 

4 . 5 ° 

2 . 3 ° 

9 . 3 ° 

6 . 5 ° 


prefilter 
primary mirror 
secondary mirror 
front surface of lens 
inner surface of Jens 
back surface of lens 
Polarization tilt diattenuation is small 

1200 8.3 lo . The distribution of polarization diattenuation 

surfaces are uncoated are listed in Table 2 . 


chief ray 
. 16 ° 

. 16 ° 

. 3 ° 

2 . 2 ° 

4 . 7 ° 

3 . 2 ° 

11 6Ven with no stings on any of the surfaces, 

piston when the 
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Table 2 


Surface 

Polarization Piston Diattenuatio 
all surfaces uncoated 
(with secondary tilted .3° 

tfoP.aoo 

Primary mirror 

-.05- icr 5 

Secondary mirror 

-.05- 1 0~ s 

tilted .15° 


front surface of lens 

1.6- 1 0' b 

inner surface of lens 

.8- 10' H 

back surface of lens 

6- 1 cr :i 


n 


SUM 

8.3- icr 5 

The negative sign on the coefficients in Tahi* o f . 

are used in reflection rather than transmission Ue y ZtTth^^ ^ ^ 6,ementS 


he values in Table 2 were calculated using 


*p(0 c ..-)-* s (e Ci ) 




1U1IO 


equation: 


' z O'.{9 c ,,) -/ „((),. )) 
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where R . and R p are the s- and p- intensity reflection coefficients r and 

and p- amplitude reflection coefficients n ad ’ r *> ar ethes- 

fr0m ° ne ’ ^ ‘ is the « ray angle’onnlelTn ^ ^ ^ ^ 

III. Specifying the coatings 
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Prefilter 


0 < R p ~ K s < .1 10' 5 

Primary mirror 

.05 10' 5 < R p -r s < >5 i 0 -5 
Secondary mirror 
.05 1 CT b < R P ~R S < _ 5 J0 -5 
Doublet (front) 


0 ° <0 <. 16 ° 
0 ° <0 <. 16 ° 
0 ° <0 <. 18 ° 


0 < < .1 io- 5 

Doublet (internal surface) 

= 1.510 5 (fixed) 
Doublet (back) 

0 < R P ~ < .1 JO " 5 


0 ° <0 < . 8 ° 


0 ° <0 < 3 . 3 ° 


This diattenuation budget will 


give a polarization 


aberration of 2 Re(P 


We also suggest that the mirrors have high 
relevant incident angles and apertures. 


reflectivity, > 98% over the 


1200 ) < -9 • 1 0~ 5 . 

entire range of 


Ute dia " enUa,i0n bUd8et “ ay n °‘ ^ immedia ‘ e,y ob ™- 

specineLittellZl, ^ ‘ e ' eSC ° Pe mirr ° rS ' A,,bOU8h 

angles of incidence on that surface. ^ ® 


Notice .ha, no coatings are required if the poiarinteter is p| a 
doublet. 


placed in front of the first 


Since the required diattenuation vaiues are dose to the diattenuation va.ues for the 
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uncoaled interfaces, coaling vendors should have liule problem designing economical 
coatings which meet this SDecific'ifinn w u g mg economical 

specifications, and will not charge for coating design. 

A more serious problem than devising coating designs which meet this polarization 
specification is the problem of verifying .ha, these specification, were actually me, Th 

,0 ; P “" — — re( |uire very precise ellipsometry Z^Z 
polarization specifications are me,. One possible way to accom^ish thist le take 
vantage o the fact that diattenuation is quadratic in angle of incidence Th' - , ■ 

behavtor is wha, determines the polarization specification for the 45” angle ofindd ^ 
t e coating specification sheets in Appendix IV. Simpler, less precise, ellipsome, ic^ ^ 

2zr " “ * " - — * ’-*• —— - ... i. z 


The coatings should be specified to degrade the surface figure by less than X /in 
RMS over the entire clear aperture, to prevent degradation of iLge 11 Su rfac 

qua tty should be specified to meet MIL-SPEC 60-40 scratch-dig specifications- this “a 
ypical surface quality specification for scientific-grade optics Surface rl wv 
specified to meet the MIL-SPEC scotch tape test and eraser test; this is ZrlyZnZ ^ 
qu, remen, , which we feel is justified because this instrument will be used outdoors 

Although the polarization specifications for these coatings are for the real par, of 

====—=: 

the chief rav y ’ SmCe We have s P ecified diattenuation for 

of polarization tilt 17 ( 7 ^ q ^ UC ^ h ' dVl0r of ' Attenuation to estimate the real parts 

1 1")’ Polarization defocus, Since, for many 
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ZXctZ wZT °) f ' he POlariZi “ i0n aberra "' 0n COeffiCiemS are dose “ «■* real 

‘ X W Ca " other polarization effect. 

One effect of polarization error k 

polarization states into linear ones. This Jr “ C ° UP ' inS ° fcirCU ' ar 
the matrix in eq. 2 of Appendix II. ? * repre5ented by ,he M « element of 

M 41 = 2 h 2 P r, 

43 e~*IL r oooo Q 1 200 

pupil to the edge ofTc^F^ J “““ ° f 

moved from the center of the field t„ . y ‘ ’ th quadratlc variation is 

e field to another point in the field mm 

plotted in Figures 3 & 4 For a . d ' Th S cou P lln S term is 

piston, Re(P 1022 ) s / m (p ^ IS a ° Ut CqUaI t0 the lma gmary part of polarization 


IS 


Polarization error #3 can also be estimated Th. i , . 

estimated in Appendix III to be 6P ° anZat, ° n of the s y ste ™ 

D “ 3 P2 '022 + lh 2 P 2 UU ' 

2:::::zz zz: m ... 

magnitude of polarization piston will be^ ^ ^ P ° lanZatl ° n aberration s are equal, the 

I Pirn I s J .4 • 10 ~ s 

and the magnitude of polarization defocus will be 
I Pirn I s 29 • 1 CT S . 

The depolarization of the system will then be D» 3- l0 -» Th • „ 

^polarization at the edge of the field of view for a system with a semndaty mirror. 
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The following two pages describe the polarization 


errors graphically. 
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Diattenuation Vectors 

In the image plane, the main polarization defect introduced by the coatings is the 
diattenuation caused by the real part of PI 200 9S IS tne 

System . (no tilted secondary), the diattenuation vectors are radially 
FnMhfjno h r T 9 ® P an6 ’, W ' th ^^dratically increasing amplitude.. V 

or the specified coatings, the magnitude of the largest line shown here is 7E-5 




For a tilted secondary, the diattenuation vectors have the same pattern but are not 
centered m the center of the field. The exact location of the center depends on Te 
coatings and amouont of tilt, but this figure is reasonable. P 

For the specified coatings, the magnitude of the largest line shown here is IE-5. 
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Effect of retardance along the chief ray 

In the image plane, the next most important effect of polarization aberrations is the 



Nasa2 


orientation and approximate!^^ valu ®. s will have the same 

■Effect of other polarization aberrations ^nuahon plots shown above 

For a radMysymmetricTysTem, SihSr aberra, ' ons is depolarization, 
from the center of the field of view. depo,anzatlon '"creases quadratically 



from inCreaSeS quadraticall V 

The p,o, shown here is rotaieO 90 degrees with respect to ihe diattenuatron 


plots. 


0.5 


-0.5 


-0.5 

For the specified coatings, the 



less than 3E-8. 


u 0.5 1 

maximum contour line shown here 


would be 
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IV. Optical design of the EXVM 


White worsen, hepo, action ana, 

noticed that it could “ 1 Mona Hagyatd, Man Gary, 

rrrr N r^i , r eU *. ^ ~ - 

these lenses. 


t . r„-., . 

—r 1 == rtr.,™ 

— ~ 

similar quality. 


Table 4 lists the optical prescription for this system. 


Each of the lenses is a catalog 


lens. Figure 1 is a schematic of the system. 

Tabk_4 


> OBJ: 
1: 

2: 

STO: 

4: 

5: 

6: 

7: 

8 : 

9: 

10 : 

11 : 

12 : 

13: 

14: 

15: 

16: 

17: 


RDY 

infinity 

INFINITY 
INFINITY 
-2394.73740 
K: -1.000000 
-858.24060 
K: -2.82538 
INFINITY 
INFINITY 
INFINITY 
INFINITY 
INFINITY 
INFINITY 
INFINITY 
INFINITY 
INFINITY 
INFINITY 
718.39000 
92.73000 
-128.08000 


Optical prescription 
THl 

INFINITY 

0.001000 

650.000000 
-877.239800 

1069.000000 

7.000000 

5.000000 

50.000000 
5.000000 
6.000000 

5.000000 

7.000000 
5.000000 
3.000000 

315.000000 
4.000000 
6.600000 

105.000000 


for the EXVM 

GLA 


Clear Aperture 


BK7SCHOTT 

REFL 


306.653 

306.653 

304.8 


REFL 


83.9923 


BK7SCHOTT 

BK7SCHOTT 

BK7SCHOTT 

BK7 SCHOTT 

BK7 SCHOTT 

SF8 SCHOTT 
ssia SCHOTT 


24.1539 

23.8961 

23.6162 

21.7747 

21.4949 

21.2739 

20.994 

20.7362 

20.4563 

20.3458 

27.4918 

27.6017 

27.8829 
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18: 

19: 

20: 

21: 

22 : 

23: 

24: 

25: 

26: 

27: 

28: 

29: 

30: 

31: 

32: 

33: 

34: 

35: 

36: 

37: 

38: 

39: 

40: 

41: 

42: 

43: 

44: 

45: 

46: 

47: 

48: 

49: 

50: 

51: 

52: 

53: 

54: 

55: 

56: 

57: 

58: 

59: 

60: 

61: 

62: 

IMG: 


INFINITY 
INFINITY 
210.75000 
-81.29000 
-515.63000 
INFINITY 
ADE: 45 
141.25000 
47.31500 
-61.74800 
INFINITY 
INFINITY 
INFINITY 
INFINITY 
INFINITY 
INFINITY 
-188.36000 
139.24000 
415.67000 
INFINITY 
ADE: 45 
INFINITY 
INFINITY 
INFINITY 
INFINITY 
INFINITY 
INFINITY 
INFINITY 
INFINITY 
INFINITY 
INFINITY 
673.17000 
222.27000 
-302.87000 
121.71195 
-89.71796 
-268.15906 
32.16000 
-22.47000 
-89.36000 
INFINITY 
ADE: -15 
-182.72000 
-44.88000 
64.04000 
INFINITY 
ADE: 15 
INFINITY 
ADE: 45 
INFINITY 
ADE: -45 
INFINITY 


*<vhj. 1NFINIT 

SPEanCATJONDiTA 

EPD 304.80000 

W, M MM 

WM 65627 

Ya N 0.00000 


300.000000 

33.500000 

5.000000 
4.400000 

75.000000 
-128.880000 

-4.800000 

-3.000000 

-15.000000 

0.010000 

-48.000000 

-4.000000 

-48.000000 

0.010000 

-112.017000 

-12.500000 

- 6.000000 

-55.000000 

165.233309 

4.000000 

12.000000 

21.000000 
0.000275 

18.000000 
0.000000 

21.000000 

12.000000 

4.000000 

80.000000 

6.000000 

10.000000 

439.000000 

3.800000 

2.500000 
131.029506 

4.460000 

1.500000 
34.925611 

-120.845313 

- 2.000000 

-4.800000 

-72.000000 

257.078523 

-72.000000 

108.000000 

0.000000 


632.80 

0.05717 


BK7SCHOTT 


BAK4 SCHOTT 
F3 SCHOTT 


REFL 


20.9224 

18.1876 

20.4624 

20.5015 

20.5668 

20.5172 


SF5 SCHOTT 
BKTSCHOTT 

BK7 SCHOTT 

BK7SCHOTT 

BK7 SCHOTT 

BK7 SCHOTT 
SF5JSCHOTT 

REFL 


20.4319 

20.7112 

20.7653 

23.7989 

23.7975 

33.5049 

34.0372 

43.7446 

43.7432 

66.3972 

66.5534 

66.8955 

66.142 


B K7. SCHOTT 

BK7SCHOTT 

BK7SCHOTT 

BK7SCHOTT 

BK7SCHOTT 

SF5 SCHOTT 
BKTSCHOTT 

BK7 SCHOTT 
SF5JSCHOTT 

SK11 SCHOTT 
SF5 SCHOTT 

REFL 


63.8781 

63.842 

63.6776 

63.713 

63.713 

63.8744 

63.8744 

64.0626 

64.2261 

64.2619 

65.3518 

65.1645 

65.1296 

13.7199 

13.2806 

13.0547 

17.9977 

17.4991 

17.4214 

9.74839 


SF5SCHOTT 

SK11SCHOTT 

REFL 


16.8009 

16.9879 

17.6003 

20.7726 


REFL 


32.0994 


REFL 35.2717 


40.0302 
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656.27 

1.614266 

1.682505 

1.565761 

1.608063 

1.514323 

1.666612 

1.561011 


BFL 109.3923 
FFL -0.3236E + 06 
FNO -46.1389 
IMG DIS 108.0000 
OAL 2301.9661 
PARAXIAL IMAGE 
HT 20.0458 
ANG 0.0817 

exit pupil 

DIA 13.2190 

TH1 -500.5187 


REFRACTIVE INDICES 
GLASS CODE 
SSK4 SCHOTT 
SF8 SCHOTT 
BAK4 SCHOTT 
F3 SCHOTT 
BK7 SCHOTT 
SF5 'SCHOTT 
SKll SCHOTT 
INFINITE CONJUGATES 

* s\ s' 1 one 


632.80 

1.615305 

1.684452 

1.566704 

1.609545 

1.515089 

1.668457 

1.561883 


525.02 

1.621923 

1.697362 

1.572695 

1.619244 

1.519867 

1.680666 

1.567374 
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Figure 1: Schematic of the EXVM 


EXVM Solar Magnetograph 
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Table 5 lists the first-order properties of the system. HMY is the height of the 
marginal ray, UMY is the slope of the marginal ray, HCY is the height of the chief ray, and 
UCY is the slope of the chief ray. A second representation of the system s first-order 
properties is in Figure 2, the y-y bar diagram of the system. 


Table 5 

First-Order properties of the EXVM system 



HMY 

EP 

152.400000 

1 

152.400000 

2 

152.400000 

STO 

152.400000 

4 

40.745715 

5 

6.187768 

6 

6.038879 

7 

5.877242 

8 

4.813749 

9 

4.652112 

10 

4.524493 

11 

4.362856 

12 

4.213967 

13 

4.052330 

14 

3.988520 

15 

-6.194598 

16 

-6.256610 

17 

-6.384400 

18 

-6.426724 

19 

-6.506285 

20 

-6.519789 

21 

-6.464743 

22 

-6.427755 

23 

-4.827902 

24 

-2.078715 

25 

-2.046401 

26 

-2.010341 

27 

-1.990187 

28 

-1.990196 

29 

-1.925704 

30 

-1.922168 

31 

-1.857677 

32 

-1.857685 

33 

-1.707182 

34 

-1.657381 

35 

-1.642596 

36 

-1.266885 

37 

-0.138158 

38 

-0.120180 

39 

-0.038206 

40 

0.056179 

41 

0.056181 

42 

0.137083 

43 

0.137083 

44 

0.231468 

45 

0.313442 

46 

0.331420 

47 

0.877909 

48 

0.899127 

49 

0.942511 


UMY 

0.000000 

0.000000 

0.000000 

0.127279 

-0.032327 

-0.021270 

-0.032327 

-0.021270 

-0.032327 

-0.021270 

-0.032327 

-0.021270 

-0.032327 

-0.021270 

-0.032327 

-0.015503 

-0.019362 

-0.000403 

-0.000265 

-0.000403 

0.011009 

0.008406 

0.021331 

-0.021331 

-0.006732 

- 0.012020 

-0.001344 

-0.000884 

-0.001344 

-0.000884 

-0.001344 

-0.000884 

-0.001344 

-0.003984 

-0.002464 

-0.006831 

0.006831 

0.004495 

0.006831 

0.004495 

0.006831 

0.004495 

0.006831 

0.004495 

0.006831 

0.004495 

0.006831 

0.003536 

0.004338 

0.004976 


HCY 

0.000000 

-0.926518 

-0.926517 

0.000000 

1.250428 

5.889186 

5.909172 

5.930868 

6.073623 

6.095319 

6.112450 

6.134146 

6.154132 

6.175829 

6.184394 

7.551287 

7.544239 

7.557043 

4.034458 

-2.587524 

-3.711396 

-3.785991 

-3.855639 

-5.430683 

-8.137238 

-8.309207 

-8.372319 

-9.909252 

-9.908578 

-14.826762 

-15.096423 

-20.014606 

-20.013932 

-31.491437 

-31.619301 

-31.805163 

-31.804096 

-31.800888 

-31.800837 

-31.800604 

-31.800336 

-31.800336 

-31.800106 

-31.800106 

-31.799838 

-31.799605 

-31.799554 

-31.798001 

-31.683148 

-31.622283 


UCY 

0.001425 

0.000938 

0.001425 

-0.001425 

0.004339 

0.002855 

0.004339 

0.002855 

0.004339 

0.002855 

0.004339 

0.002855 

0.004339 

0.002855 

0.004339 

-0.001762 

0.001940 

-0.033548 

-0.022073 

-0.033548 

-0.014919 

-0.015829 

- 0.021001 

0.021001 

0.035827 

0.021038 

0.102462 

0.067415 

0.102462 

0.067415 

0.102462 

0.067415 

0.102462 

0.010229 

0.030977 

-0.000019 

0.000019 

0.000013 

0.000019 

0.000013 

0.000019 

0.000013 

0.000019 

0.000013 

0.000019 

0.000013 

0.000019 

0.019142 

0.006086 

0.063529 
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50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 
61 
62 

IMG 


3.127019 

3.106067 

3.101882 

1.701589 

1.585757 

1.556562 

0.000000 

- 5.385824 

- 5.414985 

- 5.531890 

- 4.751638 

- 1.965719 

- 1.185466 

- 0.015088 


- 0.005514 

- 0.001674 

- 0.010687 

- 0.025971 

- 0.019463 

- 0.044568 

0.044568 

0.014580 

0.024355 

- 0.010837 

0.010837 

- 0.010837 

0.010837 

0.010837 


- 3.732943 

- 3.534241 

- 3.425446 

7.297245 

7.163775 

7.154148 

4.874194 

- 3.014621 

- 3.078942 

- 3.268270 

- 5.634672 

- 14.083994 

- 16.450397 

- 20.000000 


0.052290 

0.043518 

0.081834 

- 0.029926 

- 0.006418 

- 0.065280 

0.065280 

0.032160 

0.039443 

0.032867 

- 0.032867 

0.032867 

- 0.032867 

- 0.032867 
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Figure 2: y- y bar diagram of the EXVM. 
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for sphlrillulS^ TO taneentia? r aberr 2!i° c ns of ,he EXVM. SA stand 


Table 6 

Third-order aberrations of the EXVM 


1 

2 

STO 


5 

6 

7 

8 

9 

10 
11 
12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 


SA 

0.000000 

0.000000 

3.624628 

- 3.624628 

- 1.136824 

1.136776 

- 0.005470 

0.005338 

- 0.005195 

0.004255 

- 0.004112 

0.004000 

- 0.003857 

0.003725 

- 0.003582 

0.003526 

0.011116 

- 0.016057 

0.008307 

0.000000 

0.000000 

0.002187 

- 0.010937 

0.005467 

0.000000 

- 0.002159 

0.002601 

- 0.000593 

0.000000 

0.000000 

0.000000 

0.000000 

0.000000 

0.000000 

0.000006 

- 0.000052 

0.000047 

0.000000 

- 0.000001 

0.000001 

0.000000 

0.000000 

0.000000 

- 0.000001 

0.000001 

- 0.000002 

0.000003 

- 0.000003 

0.000013 

- 0.000005 


TCO 

0.000000 

0.000000 

- 0.243555 

0.000000 

0.123181 

0.104658 

0.002203 

- 0.002150 

0.002092 

- 0.001714 

0.001656 

- 0.001611 

0.001553 

- 0.001500 

0.001443 

- 0.001420 

- 0.012094 

0.046209 

- 0.046646 

0.000003 

- 0.000003 

0.010711 

- 0.011472 

- 0.006563 

0.000000 

- 0.006579 

0.021819 

- 0.013574 

0.000029 

- 0.000029 

0.000028 

- 0.000028 

0.000027 

- 0.000027 

0.000629 

- 0.002109 

0.001007 

0.000000 

0.000000 

0.000000 

0.000000 

0.000000 

0.000000 

0.000000 

0.000000 

0.000000 

0.000000 

0.000000 

- 0.000221 

0.000247 


TAS 

0.000000 

0.000000 

0.003637 

0.000000 

0.000625 

0.003212 

- 0.000296 

0.000289 

- 0.000281 

0.000230 

- 0.000222 

0.000216 

- 0.000208 

0.000201 

- 0.000194 

0.000191 

0.005631 

- 0.044970 

0.093831 

0.000229 

- 0.000232 

0.021248 

- 0.004501 

0.004241 

0.000000 

- 0.012924 

0.063919 

- 0.115584 

- 0.002204 

0.002204 

- 0.002132 

0.002128 

- 0.002057 

0.002057 

0.025908 

- 0.029773 

0.009266 

0.000000 

0.000000 

0.000000 

0.000000 

0.000000 

0.000000 

0.000000 

0.000000 

0.000000 

0.000000 

0.000000 

0.002591 

- 0.004633 


SAG 

0.000000 

0.000000 

0.000000 

0.000000 

0.003591 

0.001071 

- 0.000099 

0.000096 

- 0.000094 

0.000077 

- 0.000074 

0.000072 

- 0.000069 

0.000067 

- 0.000065 

0.000064 

0.002707 

- 0.015419 

0.035623 

0.000076 

- 0.000077 

0.009591 

- 0.001827 

0.002490 

0.000000 

- 0.008470 

0.023238 

- 0.046569 

- 0.000735 

0.000735 

- 0.000711 

0.000709 

- 0.000686 

0.000686 

0.011272 

- 0.010581 

0.004503 

0.000000 

0.000000 

0.000000 

0.000000 

0.000000 

0.000000 

0.000000 

0.000000 

0.000000 

0.000000 

0.000000 

0.001737 

- 0.001956 


PTB 

0.000000 

0.000000 

- 0.001818 

0.005074 

0.000000 

0.000000 

0.000000 

0.000000 

0.000000 

0.000000 

0.000000 

0.000000 

0.000000 

0.000000 

0.001245 

- 0.000643 

0.006518 

0.000000 

0.000000 

0.003762 

- 0.000490 

0.001615 

0.000000 

- 0.006243 

0.002897 

- 0.012061 

0.000000 

0.000000 

0.000000 

0.000000 

0.000000 

0.000000 

0.003954 

- 0.000984 

0 . 1 X 32121 

0.000000 

0.000000 

0.000000 

0.000000 

0.000000 

0.000000 

0.000000 

0.000000 

0.000000 

0.000000 

0.000000 

0.001310 

- 0.000617 


DST 

0.000012 

- 0.000012 

0.000000 

0.000000 

- 0.000130 

0.000033 

0.000013 

- 0.000013 

0.000013 

- 0.000010 

0.000010 

- 0.000010 

0.000009 

- 0.000009 

0.000009 

- 0.000009 

- 0.000982 

0.014791 

- 0.066680 

0.006349 

- 0.006428 

0.015656 

- 0.000639 

- 0.000996 

0.000000 

- 0.008601 

0.064989 

- 0.355156 

0.056016 

- 0.056016 

0.054201 

- 0.054101 

0.052286 

- 0.052286 

0.393726 

- 0.144424 

0.031962 

0.000000 

0.000000 

0.000000 

0.000000 

0.000000 

0.000000 

0.000000 

0.000000 

0.000000 

0.000000 

0.000000 

- 0.010080 

0.031830 
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49 

0.000000 

-0.000087 

50 

0.001168 

0.003753 

51 

-0.001403 

0.009618 

52 

0.000687 

-0.008760 

53 

0.000823 

0.018063 

54 

-0.008358 

-0.090578 

55 

0.009103 

0.064030 

56 

0.000000 

0.000000 

57 

0.048899 

0.162022 

58 

-0.088585 

-0.198013 

59 

0.063628 

0.035672 

60 

0.000000 

0.000000 

61 

0.000000 

0.000000 

62 

0.000000 

0.000000 

SUM 

0.024479 

-0.038080 


-0.005347 -0.000143 0.002459 

0.010140 0.007459 0.006119 

-0.023498 -0.008851 -0.001528 

0.040530 0.015702 0.003288 

0.156585 0.068533 0.024507 

-0.331361 -0.113232 -0.004167 

0.159999 0.059912 0.009868 

0.000000 0.000000 0.000000 

0.183774 0.064475 0.004826 

-0.149627 -0.051266 -0.002086 

0.018974 0.014529 0.012307 

0.000000 0.000000 0.000000 

0.000000 0.000000 0.000000 

0.000000 0.000000 0.000000 

0.081811 0.068093 0.061233 


-0.012892 

0.007992 

0.020220 

-0.066755 

0.501119 

-0.409025 

0.140474 

0.000000 

0.071211 

-0.038199 

0.002715 

0.000000 

0.000000 

0.000000 

0.182185 
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Figure 3: Wavefront aberrations of the EXVM in the final image plane 
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Section V - Coating specification sheets 
Prefilter 


diagram of blank 


Average intensity transmittance 

> % over entire diameter, incident angles 0° - .16° 

X = 525nm 

< % outside of nm bandpass, centered on X =525nm 

over entire diameter, incident angles 0° - .16° 


Polarization 

R s - s-polarization intensity reflectivity 
R p - p-polarization intensity reflectivity 

0 < R p -R s < .1 • 10' 5 

over entire clear aperture, incident angles 0° - .16° 

X - 525nm 

Surface figure 

surface figure must be degraded less than X /10 at X =633 nm 

Surface quality ... r 

must meet MIL-SPEC 60-40 scratch-dig specification over entire surface 

Surface durability 

must meet MIL-SPEC scotch tape and eraser tests 
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Primary mirror 


diagram of mirror 


Average intensity reflectivity 

>98% over entire diameter, incident angles 0° - 3.8° 

X = 525nm 
Polarization 

R s - s-polarization intensity reflectivity 
R p - p-polarization intensity reflectivity 

.05 • 1CT 5 < R s - Rp < .5 • IQ' 5 

over entire clear aperture, incident angles 0° - .16° 

X = 525nm 

.04 < R p - R s < -4 for incident angle = 45° 

X = 525nm 

Surface figure 

surface figure must be degraded less than X j 10 at X 

Surface quality ... 

must meet MIL-SPEC 60-40 scratch-dig specification 

Surface durability 

must meet MIL-SPEC scotch tape and eraser tests 


:633 nm 

over entire surface 
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Secondary mirror 


diagram of mirror 


Average intensity reflectivity 

>98% over entire diameter, incident angles 0° - 4 6° 
R = 525nm 

Polarization 

R s - s-polarization intensity reflectivity 
R P - p-polarization intensity reflectivity 

.05 • 1 0 ' 5 <R S -R p < .5 • 1 0' s 

over entire clear aperture, incident angles 0° - 8° 

A = 525nm 


R s ' R » < for incident angle = 45° 

R = 525nm 


Surface figure 

surface figure must be degraded less than \ /10 at A. =633 nm 


Surface quality 

must meet MIL-SPEC 60-40 scratch-dig specification 
Surface durability 

must meet MIL-SPEC scotch tape and eraser tests 


over entire surface 
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Front doublet surface 


diagram of lens 


Average intensity transmittance 

<98% over entire diameter, incident angles 0° - _° 

X = 525nm 
Polarization 

R s - s-polarization intensity reflectivity 
R p - p-polarization intensity reflectivity 

0 < R p -R, < .1 • 10' s 

over entire clear aperture, incident angles 0° - .8° 

X = 525nm 

R s - R p < .03 for incident angle = 45° 

X = 525 nm 


Surface figure 

surface figure must be degraded less than X / 1 0 at X —633 nm 


Surface quality 

must meet MIL-SPEC 


60-40 scratch-dig specification over entire surface 


Surface durability 

must meet MIL-SPEC scotch tape and eraser tests 
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Back doublet surface 


diagram of lens 


Average intensity transmittance 

>98% over entire diameter, incident angles 0° - 5.1° 

X = 525 nm 

Polarization 

R s - s-polarization intensity reflectivity 
R p - p-polarization intensity reflectivity 

0 < R p - R s < .1 • 10' s 

over entire clear aperture, incident angles 0° - 3.3° 

X = 525nm 

R s - R P < 2 • 1 0 “ 4 for incident angle = 45° 

X - 525nm 

Surface figure 

surface figure must be degraded less than X / 10 at X =633 nm 
Surface quality 

must meet MIL-SPEC 60-40 scratch-dig specification over entire surface 
Surface durability 

must meet MIL-SPEC scotch tape and eraser tests 
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Appendix I. The paper "Polarization Analysis of the SAMEX Solar 
Magnetograph" contains both a good summary of polarization aberration 
theory and a good demonstration of polarization aberration analysis. 
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Appendix II. Polarization Aberrations of unresolved point spread functions 

This section explicitly provides the mathematics behind the polarization specification 
which was presented in Section III. First, we present the reasoning for the derivation of the 
Mueller matrix averaged over the point spread function. Next, we derive the average 
Mueller matrix for rotational ly symmetric systems. Then, we use this Mueller matrix to 
explore the three possible explanations of the 1 O' 5 polarization specification in 
rotationally symmetric systems. Finally, we explain how the result from rotationally 
symmetric systems can be generalized into a result for slightly decentered systems, such as 
a vector magnetograph with an actuating secondary mirror. 

In many imaging situations, the point spread function that is formed by the system s 
optics is smaller than the resolution of the system’s readout. The EXVM is a good example 
of this type of system; the pixels on the CCD array are slightly larger than the point spread 

function. 

For this situation, the Stokes vector averaged over the point spread function is equal 
to the pupil-averaged Stokes vector. This equality can be understood by recognizing that 
the intensity in the pupil of any two orthogonal polarization states is the same as the 
intensity of those polarization states in the image. For example, if a 90% of the intensity in 
the pupil is y-polarized and 10% is x-polarized, the intensity distribution in the image plane 
will also be 90% y-polarized and 10% x-polarized. Just as the polarization state changes 
across the pupil, the polarization state will also change across the point spread function, but 
the average Stokes vector will be the same. 

This equality can also be derived. The Jones vector in the exit pupil is 



29 



The Stokes vector in the exit pupil is defined in terms of sums and differences in intensity 
measurements, 

' u-i u J e:e x -e;e v 

^45* — f 135 ® I I 2 Ra( E * E y ) 

V / »" / i / \2/m(E‘ x .E y ) 




where I ,Q,U ,V are the Stokes vector elements, / „ is the intensity of the light which 
would pass through a horizontal polarizer, / „ is the intensity of the light which would pass 
through a vertical polarizer, / 4S . is the intensity of the light which would pass through a 
45 polarizer, / 135 . is the intensity of the light which would pass through a 135° polarizer, 
/ /? is the intensity of light which would pass through a right circular polarizer, and / L is the 
intensity which would pass through a left circular polarizer. 


The pupil-averaged stokes vector is 


<s> 


pupil 


' f E\E x + E\E y Y 
E' x E x -E\E y 
2 *«(0' y ) 

V 2 Im(E x E y ) 


f<E\ + E' y E y > /)upil \ / <E\E X > 
<E x E x -E y E y > i)uih( = I < E ; A . > 

<2Rg(E x E 1“ 

\<2 hn(E' x E y )> imiit J 


/ r r 

pupil c y c y pup 


A 


— ^ /' A 1> 
pupit y y /ai/u/ 

2 Re(<E' x E.,> i>uiul ) 

V 2 ‘>n( < E' x E >>„»„„) J 


where the brackets represent 

^ pupil ~~ I f cl p , 

where p is the pupil coordinate. The units are chosen such that the area of the pupil is 
unity. E X E x is the intensity ot the x-polarized light in the exit pupil. Since there are no 
optical elements between the exit pupil and the image, there will be the same amount of 
x-polarized light in the image plane. Therefore, 
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<£* E > - ^ r '* n 

x x pupil < E ^ E 


1 ■* psf 

W ere the primed quantities refer to the quantities in the image plane Cle , n 
relationship holds true for the y-polarized light: * Sa ” e 


<FyEy > P u P u = <E'lE' y > psr 


J Psf ’ 

bo,h horizon,a,iy and — > «* 

* a. pupil and the Join, ^ ^ ^ — « — 


< t > pupil < /> ps/ 


< Q > pupil ■“ 


psf 


“rr' 1 m“”“ ■ - i "-» — 


vector. 


<U> 


pupil 


= <U> 


psf • 


Since the first three elements of the Stokes 


well, 

<v> 


vector are equal, the fourth must be equal 


as 


pupil 


= <v> 


psf- 


»- ™ ™ 1 1““ —’“—V—F-., 

lm |j| , , ^'7 " KSKCto ""' h FPFpilp | an ft £, a nd I h.J WKi 

uwge ptane, ^ , is a Fourier transform 

£' = I £ Q iZnh *dp 


ToTZXt'Zr- :::::: c r ponen,s ° f ihe e,ectric fie,d - - *•*« 

Fourier transform for both ^ 


£'«£'$ = ! e ; e " ,2RS - 


’ofp/ £ 


> ^ fl * 


, i2nh p * . — , 


dp 


= c 


! £«E«e UKh (p ' ^'V/n 


c/p o' p ' 


31 



Averaging over the point spread function yields 

= Iff £’ a F fi e ,2Kh (p ' p) dpdp'd/i 


Rearranging the order of integration yields 


<E'‘ a E\> ps , = U S E’.E^e 


i2nh 


p'dp 'e' ,2nh P dhdp 


= {F;f p }}dp 

= f£' a £ fi dp 
^ E a ^ (3 ^ pupil * 


Therefore, 


<E' m n E\> 


^ E a E p U p t i . . _ . , 

Since a and |5 can both be either x or y , this proof explicitly shows that the Stokes vector 
averaged over the exit pupil is equal to the Stokes vector averaged over the point spread 


function. 


Because the average Stokes vector in the point spread function is the same as the 
average Stokes vector in the image, the average Mueller matrix in the point spread funchon 
is the same as the average point spread function in the pupil. Qualitatively, this equality ts 
even easier to understand than the equality for the Stokes vector. Since there are no 
polarizers, retarders, or depolarizers between the exit pupil and the image, the Mueller 
matrix for propagation from the exit pupil to the image must be the identity matrix. 
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This relationship can also be proven rigorously. Assuming a uniform input 
polarization state, we can distribute the averages among the matrices in the following way 
when we average over the point spread function. 

< 5 > PSF = < M S jn > PSF 

= < M > p SF S in 


A similar relationship holds when we average over the pupil. 

<S> pupii = < M S m > pupil 

— ^ pupil ^ in 


Since we have already proven that the Stokes vector averaged over the pupil is equal to the 
Stokes vector over the point spread function (<S> puptt = <S> PSF ), we can equate the 
previous two equations 

< M > P s F S , n = < S > P s F — <S> pup n — < M > pupii S n, . 

Therefore, the Mueller matrix averaged over the point spread function is equal to the 
Mueller matrix averaged over the exit pupil, 

< M > PSF = < M > p upi i . 

The easiest way to find the pupil-averaged Mueller matrix, M (h), is to begin with the 
polarization aberration Jones matrix, J(p , $ , h) . This matrix will have different forms 
depending on the symmetries of the system. To convert this Jones matrix into a Mueller 
matrix, use the following relationships: 
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2 ^n(P,<J),/i)=j; i 7 J| + J*, J 2] 

2 M i 2 (p,<t>,h) =J m n J n + 7 *, 7 21 

2yW 1 3(P.([),/l)=jJ 1 7 \ 2 + J' 2 \J 22 

2 M i4 (p,<l>,ti) = j(j* n j l2 + J*| J 22 

2M 2i(p,<P,h)=j‘ n j n+J ; 2 j i2 

2m 22 ( P ,<P,h)=j; l j II + J - 2 j 22 
2M 23 (p ,*.h)=jl z j n + j* u j i2 . 
2M Z4(f>A,h) = j(J'uJ\ Z + J' 22 J 2X - 
2 M 31 (p .t,h)=j‘ u j 2 l +j' 2 i j tiH 
2M 32(p,4>,h)=j' ll j 2l+J ' 2i j n _ 
2M 33(p,<i>,h)=j , u j Z2 + j: 2i j i? + 
2 M 34 (p,ty,h) = J(J* i J 22 + J 2 \J l2 - 

2Af 41 (p,f/ l ) 8 y (i/ ; i) y ii + i/ j 2(/i2 _ 

2 ^42(p,<i>,h) = j(j 2l j i\ + j] 2 j ?? - 
2M 43(p, h) = j(j' 2l j l2 + J' 22 J n _ 

2A^ 44 (p, ( j>,/l ) = y ( 7* 2 jr ,j+7||7 2 2~ 


+ - / I2^i2 + 


I 2 ^ 1 2 + ^ 22 ^ 22 

- V \ 2 J\ 2 ~ J 22 J 22 
+ J \2-J U + J 2 2 J 21 
J \ 2 J \ \ ~ J 22 J 2\) 
~ J 2\ J 2\ ~ J 22 J 22 
~ J 21 J 2\ ~ J \ 2 J i 2 
~ J 22 J 2 \ ~ J 2 \J 22 
~ J 2\ J 22 “ ^11 ^ )2 ) 

^ J \ 2 J 22 + J 22 J \ 2 
J \ 2 J 22 ~ J 22 J 12 
^ I 2 2 2 I + J 22 J || 

2 12^21 ~ J 22^ ll) 

2 11 2 21 - V 12-/ 22) 

J l\J Z\ ~ J 22 ^ 12) 

M 2 22 ~ w/ 12-^21 ) 

^ 12-^21 “ -^21 J 12) 


" r ” Kth — «ta TOf a „ dcolumnc i„ , he Jones matrr, ^ represems 
thC elemem fr ° m r ° W ' and C ° 1Um " C in ,he Mueller ma ‘™- This transformation from the 
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Jones calculus into the Mueller calculus can be found in several references: E.L. O’Neil 
Introduction to Statistical Optics, (Addison Wesley, 1963), A. Gerrard and J.M. Burch, 
Introduction to Matrix Methods in Optics, (Wiley, 1975). 


A second, more succinct, method of transforming a Jones matrix into a Mueller 
matrix uses the Kroneker product: 

M = U(J® • 


U is defined as 

0 0 
0 0 
1 1 
t - i 


u 


f\ 

Vo 


0 J 


The Kroneker product of two 2X2 matrices is 



ct j c 2 
c,a 2 

V C 1 C 2 


a ] 

i b ?. 

b i 

a 2 

6, 

b 2 

a 

\d 2 

6, 

1 C 2 

6, 

d 2 

C ] 

i b 2 

d , 

i a 2 

ct 

i b 2 

C] 

i d 2 

d 

1 C 2 

ct 

id; 


This formalism can be found in "Obtainment of the polarizing and retardation parameters 
of a non-depolarizing optical system from the polar decomposition of its Mueller matrix, J. 

Gil, E. Bernabeu, Optik, vol. 76, no. 2, 1987. 

Converting the polarization aberration Jones matrix into a Mueller matrix yields a 
matrix which is too complicated to even write down. However, by looking at the result, ng 
Mueller matrix for the various aberration terms, we can see the form of the entire Mueller 
matrix. In the following analysis, we will use the polarization aberration expans, on for a 
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-- 

rotationally symmetric systems: 

2 

J(p,<t)./l) = ^ > 0000 ®0 + ^ ' 200 ® 1 ^ 


p nll hp(cos 4 >o , - sin <t>o 2 ) 
p 1022 p 2 (cos 2 (l>a , - sin 2 <t>a 2 ) . 


The polarization aberration terms 


have both real and imaginary parts 


Pu 


= r i: 


IQ l; 




The Mueller matrix for a system with only polarization defocus is 


Pi ooo + P 1022P 4 
2 P oooo r 1022P 2 cos 2< ^ 

“2f > 0000 r 102zP 2 S1 11 
0 


2P 00 oo' 1 022p 2 cos2<i> 

Pi ooo+^ozzP^ 084 * 
-A > ?o^P 4 «‘ n4 * 

2 / > oooo f / 1022 P 2 sl n 2l ^ 


- 2 Poooorio 2 2 P 2 sin 2 < t > 

p"o 22 p" Sin 4 , l > 

2 />ooooChoz ^ p 2 cos 2 , l , 


- 2 / 5 oooo c /lo 22 P 2sin2<|) 

- 2 / J 000 0 y 1022 P 2cOS2<1> 

Plooo- r 2 >ozzP' 


A 

y 


As expected, this is 
rotates at twice the 
polarization tilt is 


le Mueller matrix for a retarder and dia.tenuator with orientation that 
ngular pupil coordinate. The Mueller matrix for a system w.th on y 
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P 0000 + P 1 I II ^ P 

2P 0 ooo r uii^P C0S ^ 

- 2 P oooo r iin^P 8111 ^ 
0 


2 P oooo r mi^pc 05 ^ 

Poooo+P 1 111 p 2 C0S 2^ 

- ^ ni i ^ 2 p 2 sin 
2 P oooo Q it 1 1 h P ** * n ^ 


- 2P oooo r iiii^P 8 ^^ 

- P ^ m /z 2 p 2 sin2<| > 

J p oooo-^im^ 2 p 2 cos 2 (|) 

2 P oooo Q 1 1 1 1 ^ P c ® s 


0 A 

- 2P oooo 9 m i ^ P sin 4* 

- 2.P oooo Q i in ^ P cos ^ i 
PqOOO + ^ llll^ P / 


As expected, this is the Mueller matrix for a retarder and diattenuator oriented radially. 
The Mueller matrix for a system with only polarization piston is 


f P 


M 


piston 


2 + h ^ P ^ 

oooo ' 1 r 


1200 


2 h 2 P oooo 1200 


2 h z P OOOO I 1200 

0 

V 0 


p 2 + /, 4 P ■ 

r OOOO IL 

0 

0 


200 


P 2 


OOOO 


0 

0 

-h 4 P 


1200 


?Jl 2 p OOOO Q 1200 


0 

0 


A 


“2 h P oooo 9 1200 

P oooo 


2 ~ fl* P ^ 200 J 


As expected, this is the Mueller matrix for a vertical or horizontal diattenuator and 
retarder. 


Integrate over p and <D to obtain the pupil-averaged Mueller matrix. 


1 2 it 


M(h)= / / M (p , , H )pd\)dfy 

0 0 


For rotationally symmetric systems, the pupil-averaged Mueller matrix is 


P oooo j P ?022 + j h 2 P h n + P- ' P ?200 2 h 2 P OOOO r , 200 

2 /i‘P OOOO ^ 1200 

0 

0 


0 

0 


A 


0 

d wi 4 f;^ 0 

0 P OOOO *200 - 2 /l ‘P Moot? 1200 

/r P 1 1 u - /i P 1 2 oc J 


0 


2 h‘ P uu ooQ.iu 


p • - - P , , - 

* IK» UM '1 1 
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p2 

r 0000 

2^ P 0000 r 1200 
0 
0 


2 h 2 P 


P 2 


0000 ^ 1200 
2 

0000 

0 

0 


0 

0 


p 


2 n 2 p 


0000 

0000 Q 1200 


0 
0 

~ 2tl P 0000 9 1200 


A 




0000 


J 


This is the Mueller matrix which would be measured in the image plane if the system were 
placed in a polarimeter. The approximation in eq. 2 is the usual approximation used in 
aberration theory; terms of high order in h and terms on the order P 2 XXX are neglected. 
Making this approximation has a slight drawback; the resulting Mueller matrix is slightly 
unphysical. If linearly polarized light at 45° is incident on the Mueller matrix, 
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the pupil-average stokes vector is 
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The degree of polarization for this Stokes vector is 

DOP= V<? 2 + I/ 2 // 

s l + 2 h 4 P 2 200 


This Stokes vector is unphysical because the degree of polarization is greater than one. 
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This is no. a serious problem, however, because, «o be consist with our previous 
approximations, we should drop terms of order P?„. . U this case, the degree 
polarization for this Stokes vector is unity, 

DOP= 1. 

NOW that we have a pupil-averaged Mueller matrix, we can rigorous, y define the 
three polarization aberration criteria which we enumerated m Sectton . 

Poiarization error #1 was that unpolarized light should not couple into polarized 
light. The Stokes vector for unpolarized light is 


S = 



When this unpolarized light is incident on the system, 
exit pupil is 

f P 

S = 


she Stokes vector averaged over the 



This is the polarization error which we believe is the most 
below 1 O' 5 . Since P oooo, the transmission for the system, 
the polarization specification for this system should be 


important, and should be kept 
is approximately equal to one, 
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2 r ] 200 <10* 

This is the polarization specification which we recommen 
a limit on the diattenuation along the chief ray. 


This specification is essentially 


Polarization error #2 is that polarized light should maintain its polarization state. 

This specification would limit all off-diagonal elements in the pupil-averaged Mueller 
matrix. One way to quantify this specification would be 

2 I P 1200 l< 10 ' 5 - , . , . f 

This specification is essentially a limit on the diattenuation and retardance along t e c ,e 

ray path. We do not recommend this specification because we believe that it is too 
stringent. Furthermore, all of the typical, low diattenuation coatings which we have 
analyzed have low retardance as well. Therefore, any set of coatings which would meet the 
first specification would also have a small value for the second spectficatton. 


Polarization error #3 is that polarized light should not couple into unpolartzed ltght. 
Determining the amount of depolarization in a Mueller matrix is an active area of 
research but we can determine some properties of the pupil-averaged Mueller matrtx by 
examining the Mueller mat™ in eq. 1 on a term-by-term basis. For a system wtth only 
polarization defocus, the pupil-averaged Mueller matrix is 
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For a system with only polarization tilt, the pupil-averaged Mueller matrix ts 
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The pupil-averaged Mueller matrices for a system with only tilt or with only defocus is the 
Mueller matrix for a depolarizer. The first element in the Stokes vector will be increased, 
but the other three will remain the same or decrease. For a system with only polarization 
piston, the pupil-averaged Mueller matrix is 
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The defocus term and the tilt term are clearly depolarizers. The piston term, perhaps not 
so clearly, is a diattenuator and a retarder. The depolarization of the entire Mueller matrix 

is 

D = l -P 1022 + 5 ^ 2 P 1 1 1 1 

This depolarization is clearly a small effect; all of the aberration terms are on the order of 

p 2 

1 1 xxx ■ 

For slightly decentered systems, such as a Cassegrain telescope with a tilted 
secondary mirror, the polarization aberration expansion in Jones matrix form becomes 
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much longer, and the corresponding pupil-averaged Mueller matrix becomes 
correspondingly larger. Rather than writing the equations, it is more instructive to think 

through the problem. 

The Mueller matrix in eq. 2 is the Mueller matrix which represents a diattenuator. 
The magnitude of the diattenuation increases quadratically from the center of the field to 
the edge. For the Mueller matrix for the decentered system will look much more 
complicated, but the meaning will be very similar. The orientation of the diattenuation will 
be oriented radially about some non-axial image point, and the magnitude of the 
diattenuation will increase quadratically from the same, non axial image point. Therefore, 
we specified the coatings to meet the 1 O' 5 polarization specification at the most extreme 
point in the image plane with a tilted secondary mirror. 
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